The past literature on the use of vegetable oils as fuel in diesel engine revealed that utilizing vegetable oil fuels in diesel engines may require property changes in the oil or perhaps, some minor engine modifications or operating changes. This study was conducted to search for the effect of atmospheric oxygen on the puffing and bursting phenomena that occur during vegetable oils droplet vaporization process in their use as fuel in diesel engine. The fiber-suspended droplet technique was used, and the normalized square droplet diameter as well as the temperature evolution vicinity the droplet was analyzed. The results show that puffing and bursting phenomena highly depend on oxygen. In presence of atmospheric oxygen, there is an increase of the puffing and bursting intensity and therefore the evaporation rate of the vegetable oil droplets, but in an inert environment or when the environment is oxygen-depleted puffing and bursting phenomena disappearing and make place of a series of explosions with lower magnitude. The lack of oxygen reduces the thermal degradation, polymerization and oxidation reactions and consequently the vaporization rate of vegetable oils droplets; and could therefore lead to the formation of deposits in the form of polymers. This is unsuitable for their use as a fuel in diesel engines. It can also be concluded that atmospheric oxygen has some positive effects on engine performance and emissions when operating with vegetable oil. These results help to address the challenge for the use of alternative fuels such as non-edible vegetable oils.
Introduction
In recent years, some reasons such as the relative decline in oil prices compared to 2008, have reduced the willingness and enthusiasm for the use of pure vegetable oils (PVO) as a fuel in industrialized countries. However, in most developing countries where access to energy for rural populations is still very limited, the use of vegetable oils as fuel for diesel engines remains an important tool for social and economic development. The reliance of these countries' energy sectors on petroleum products makes the economic sector vulnerable due to the fluctuations in oil prices. The use of vegetable oils as a local fuel in a short circuit of self-consumption has a great economic development advantage regarding to the potential of PVO and their derivative as fuel in diesel engines and burners [1] [2] [3] [4] [5] . However, as it is well known, the direct injection engines that are used in agricultural and road tractors, and many industrial stationary engines without prior modification do not accept PVO. Fuelled with non-esterified vegetable oils, they quickly experience operating problems in long-term engine used [6] . These problems among others are the formation of carbon deposits inside the engine, fuel injector fouling, sticking of piston rings, heavy gum deposits on cylinder walls, and a strong cyclic dispersion that can lead to mechanical difficulties or damages [4] [7] [8] [9] [10].
When they deliver up to half their rated power, these engines have average chamber temperatures below 200˚C. Whereas, most of vegetable oils have a flash point temperature much higher than that of fuel oil. That is why a part of vegetable oil droplets will not vaporize but will stick to the walls causing deposits. So, proposals for technological solutions were developed such as piston modification, bi-fuel kits, exhaust gas recirculation, ... to reach sufficient temperature levels and then prevent deposits formation, or solutions such as transesterification, mixture with lighter oil and heating were used [11] . Nevertheless, the combustion of oil, even when heated, purified and refined, is not completely carried out, resulting in higher losses of power and efficiency and higher CO, NO x and HC emissions than for diesel fuel [11] .
Recent studies have shown that the main disadvantage of vegetable oils is their chemical nature. While diesel fuel has straight or branched chain configurations, composed mostly of saturated hydrocarbons, vegetable oils are predominantly formed by (about 95%) triglycerides which are also composed of saturated or unsaturated fatty acids. The highest degree of unsaturation makes vegetable oils susceptible to oxidation leading to free radical formation and polymerization [10] . This polymerization can either be an oxidative polymerization in storage, Yahya Azmi Bi [10] reported that vegetable oils tend to polymerize three dimensionally when the unburned oil comes in contact with hot metal surfaces. These polymers when formed were unlikely to burn and then accumulated as deposits on the engine combustion chamber. These phenomena take place mainly during spray formation and vaporization process for certain temperature range [9] [12]
[13] [14] .
Studies have recently showed that vegetable oil droplets vaporization is associated with puffing and bursting phenomena [15] resulting from the thermal degradation and polymerization of vegetable oils that lead to deposits formation [16] . These studies have also shown the influence of temperature on the occurrence of these phenomena. When the temperature increases, the intensity of these phenomena increases and therefore the evaporation rate of the vegetable oil droplets. However, while the influence of temperature on the phenomena of puffing and bursting is well known, the influence of the nature of the atmosphere remains unknown.
The knowledge of the influence of the environment nature is a key aspect that is worth to be known. Indeed, in a diesel engine, there is generally an excess of air, but considering the mode of diesel combustion (diffusing combustion important for oils, and dead volumes) it is possible to have areas of oxygen deficit, in the same way, anaerobic conditions can also occur in the atomized jet. In these areas the behavior of vegetable oils droplets is important to be qualitatively well known. The contribution of this paper is to investigate the effect of atmospheric oxygen on puffing and bursting that is a part of vegetable oils droplet vaporization process. This has received little attention in the literature on vegetable oils vaporization. It is important since the oxygen is well-known to significantly influence vegetable oils thermal degradation and polymerization, thus understanding these effects would allow the vegetable oils vaporization process in diesel engine to be optimised at the low temperatures conditions where problems are encountered. By this way some engine performance problems such as carbon deposits in combustion chamber and injector coking or filter clogging could be addressed. Further, it gives insight for developing computationally-efficient and accurate simulations of vegetable oils vaporization and combustion. For this purpose linseed oil which is more suitable to polymerization phenomenon that lead to deposits formation were chosen.
Materials and Methods
The suspended droplet technique was used. The droplet is in a fixed position and can be observed by camera during vaporization or combustion process. A thermocouple is placed in the immediate vicinity of the droplet and follows the temperature evolution in the vicinity of the droplet during the vaporization process. This experimental device can monitor the behavior of liquid fuels droplets vaporization using a speed camera. The data from this monitoring gave qualitative information about the phases of droplets vaporization process and was used to determine quantitative droplets vaporization characteristics such as vaporization rate, vaporization time, etc. The experimental device ( Figure 1 ) consists of three main sets: a closed and unpressurized cubic enclosure, a system of heating, and an acquisition and data processing systems. Figure 1 shows the schematic diagram of experimental setup.
The Vaporization Chamber
It consists of a stainless steel cubic metal enclosure with internal size of 100 × 100 × 100 mm. Two opposite sides of the enclosure are removable. A porthole was arranged on each removable side to create an optical path between the CCD camera and the LED light source. This allows the measurement of the droplets contours placed in the enclosure by the camera. An isolation system was made inside the chamber with bricks and refractory cement. The enclosure has an air inlet and an output system to renew its internal environment. A system for sweeping the enclosure with nitrogen was also installed for testing in an inert atmosphere. The flow rate can be regulated using a flow meter.
Heating Device and Suspension System of the Droplet
The heating system includes a kanthal resistance and holding plates. The resistance consists of a wire of kanthal of 2 × 10 −3 m diameter electrically isolated using ceramic tubes. The whole is maintained stationary using two others pieces. This assembly form "shuttering" for resistance and also a thermal accumulator storing calories. This system allows the chamber temperatures ranging from room m diameter inserted in the middle of the heating system gives its temperature.
The control unit is a Pyromat plus 300, equipped with a 230 V/12 V transformer.
Vegetable oils droplets of diameters ranging from 1 to 1.6 × 10 −3 m are suspended on a quartz fiber (chosen for its low thermal conductivity) with a diameter about 0.4 × 10 −3 m. The angle of inclination of the fiber is about 30°
downward from the horizontal to avoid dropping out of the droplet.
Measurement and Data Logging System of Temperature
The temperature in the vicinity of the droplet is measured with a type K thermocouple of diameter 0.25 × 10 −3 m which is placed at a distance of about 1.6 × 10 −3 m of the droplet during the measurement of the projected surface of the droplet. The acquisition of temperature is achieved through a converter that has a "thermocouple" input and a "USB" output. The pressure in the combustion chamber is the atmospheric pressure.
Image Acquisition and Data Processing System
A LED lamp of 1. 
Materials Used
Linseed oil was used. Linseed oil were purchased in a refined standard state from a reseller in France, Linseed oil fatty acids composition determined by gas chromatography, using a Agilent 6890 GC type with a FID detector and a CP-WAX 58CB column (25 m × 0.32 mm × 0.2 µm) are reported in Table 1 . Table 2 gives some fuel properties of linseed oils.
Experimental Procedure
The experimental procedure to study the influence of atmospheric oxygen as shown in Figure 3 . The puffing and bursting phenomena take place in the temperature range of 683 to 723 K with linseed oil droplet. A system for sweeping was also installed and allows to sweep the enclosure with nitrogen or air or air depleted in oxygen. The flow rate can be regulated using a flow meter, then tests were conducted at the temperature of 703 K, under atmospheric pressure and under three different environment in the same conditions. These are: linseed oil was dropped carefully on the quartz fiber, outside the chamber, using a micro syringe of 10 microliters. The droplet thus suspended was introduced into the chamber by a sliding rod on which was fixed the quartz fiber. The acquisition can be manually or automatically triggered once the droplet was introduced. For the same sample, tests were conducted at least five times to check repeatability of measurements before moving on to another sample or other operating conditions. The processing of the data then allowed obtaining and analyzing parameters such as the temperature in the vicinity of the droplet, the evolution of the normalized square droplet diameter versus the normalized time.
Uncertainties
The uncertainties on the determination of projected surface and the vaporization rate were estimated by using Equation ( Ten consecutive images of projected surfaces were considered. For linseed oil the uncertainty is 2% for the projected surface and 0.01% for the determination of the vaporization constants.
x i : i the value, obtained over a series of measurements of a sample, x is averaged value of x i ; x: average value, on the series of n measures; n; number of measures; X exp : experimental value, δ x is uncertainty on the determination.
Results and Discussion

Puffing and Bursting Phenomema and the Ambiant
Temperature Influence Figure 4 shows the curve evolution of the normalized square diameter versus the As expected, it can be seen that, even if the both curves have same caracteristic, the increase in temperature ambient shortened the transient heating phase and the fluctuation evaporation phases, increased the intensity of puffing and bursting, decresed the size of the residues on the fiber. The values are given in Table   3 .
The time of the heating and expansion phase of the droplet is shortened by the effect of the increase in the ambient temperature because the phenomena of thermal degradation and mass and heat transfer that take place during this phase are accelerate under the effect of the increase in heat. Similarly, the shortening of the fluctuation phase time can be explained by the fact that under the effect of the increase in temperature, oxidation reactions and the others multiple complex reactions that produce gaseous or volatile products become more significant and occur simultaneously, which release in a very short time the gaseous products in large quantities that escape and thus increasing the intensity puffing and bursting.
The decrease in the size of the residues on the fibre is due to the increase in exothermic reactions caused by the increase in temperature, which has the advantage of producing more gaseous and volatile products and therefore less polymers and solid products that are deposited on the fiber. Puffing and bursting phenomena become noticeable from t/do 2 = 6.18 s/mm 2 . Figure 6 shows the evolution of temperature in the vicinty of droplet versus normalized time at ambient temperatures of 683 K and 703 K. The both curves have the same characteristics. There are essentially three phases corresponding to the three classic phases of vegetable oils droplets vaporization. During the transient heating phase temperature curve increases gradualy and then suddenly peak during the fluctuation phase, it continues with a stable phase during the residue deposition phase. The gradual increase of temperature in the vicinity of the droplet during the transient heating phase can be attributed to the oxidation at the droplet surface and the escape of the first components that have reached their vaporization temperature and are vaporizing. The peak obsereved corresponds to the ejection of hot gases by the bursting of the droplet. When the temperature increases, the intensity of the explosions increases, thus the volume of the gases, which shows that the temperature curve at 703 K has a higher peak 
Effect of Atomospheric Oxygen on Puffing and Bursting Phenomena
The normalized square diameter versus the normalized time curve of the linseed oil droplet in the different environments for an ambient temperature of 703 K are shown in Figure 6 . For the oxidizing environment under air sweeping at a flow rate of 1 l/min, the normalized square diameter evolution curve presents the classical characteristics including the three vaporization phases mentioned (Figure 7) . in an oxidizing environment. This disappearance of burstings can be attributed to the absence of ejection of hot gaseous compounds resulting from reactions observed in an oxidizing environment. But the presence of series of microexplosions indicates that there is always a low gas emission, thus hot gases realese in low quantity. This fact is confirmed by the temperature evolution curves (see Figure 8 ) in the vicinity of the droplet which don't indicate a significant variation of the temperature: it remains almost constant, indicating that there is no heat release percieved by the thermocouple. Figure 9 shows the disappearance of explosions in an inert atmosphere and the appearance of low intensity micro-explosions. On the pictures it can be observed that bubbles obvious have disappeared but gases are only trapped in the droplet which increases in it global volume. The release of hot gases and their abundance is therefore only related to the presence of oxygen, which thus seems to be a favorable factor for the thermal decomposition of triglycerides and the formation of new products resulting from other secondary reactions like oxidation.
The presence of small bubbles and micro-explosions in inert environment
indicates that there are always gases that are formed inside the droplet in lower quantity. These gases most probably come from the thermal degradation of triglyceride molecules in the absence of oxygen (pyrolysis). Indeed, previous studies conducted on the pyrolysis of vegetable oils by many researchers [18] [19] [20] [21] have shown that there is formation of products such as alkanes, alkenes, dienes, aromatic compounds and carboxylic acids with carbon numbers ranging from 4 to 20, and other unsaturated compounds which are difficult to identify [20] . In addition, the same studies have demonstrated that the nature of compounds and their abundance were highly depend on the temperature and the operating parameters because of the complexity of the mechanism of thermal decomposition and the occurrence of numerous chemical reactions [20] .
Furthermore, V.P. Doronin et al. [22] In addition, it is very likely that some compounds produced in the both environments (inert and oxidative) be identical. Indeed, V.P. Doronin et al. [22] reported that in the presence of oxygen, oxidative and nonoxidative reactions will occur simultaneously. On another note, even in inert ambient, there are molecular oxygen that are chemically bounded in triglyceride or oxygen-containing radicals (like OH, O) in vegetable oils. These molecular are an additional source of oxygen other than atmospheric oxygen present in air. When sufficient oxygen is not available, the components from thermal degradation will react with these molecular oxygen and eventually lead to the formation of gaseous or oxidative products. The gases and other residual products resulting from this thermal degradation are probably similar to those resulting from the pyrolysis of vegetable oils in the same temperature ranges.
The abundance of gaseous products in an oxygen atmosphere can also be explained by the fact that in the oxidative environment, in addition to the thermal degradation reactions that occur under the effect of temperature, there are also oxidation reactions in which not only the products resulting from thermal degradation are involved, but also the minority compounds present in the oil. This oxidation therefore releases many gaseous products, and heat which contributes in turn to the above-mentioned thermal degradation and thus reduces the formation of polymers.
The effect of oxygen is also seen in the residues deposition phasef. By comparing the curves in an inert environment and in an oxidizing environment, the residues on the fiber at the end of vaporization in oxygen atmosphere are sufficiently lower than those in nitrogen or air depleted in oxygen atmosphere.
Compared to literature on vegetable oils polymerization [23] this trend of increasing residues in nitrogen atmosphere can be explained by the fact that vege- 
Conclusion
The use of pure vegetable oils as a local fuel in a short circuit of self-consumption has a great economic development advantage for these countries. The sensitivity of oxygen atmospheric to puffing and bursting phenomena that occur during vegetable oils vaporization process has been investigated in this paper. It was found that puffing and bursting phenomena is highly dependent on the nature of the ambient (inert or oxidative). In the same temperature, puffing and bursting phenomena occur with high frequency, intensity and amplitude in oxidizing ambient while in inert ambient puffing and bursting desapperance making place to micro-explosion with lower magnitude. Vegetable oils possess, in addition to their potentially reactive sites (unsaturation and ester functions), other functional groups depending on the nature of the oil, which make the oils subject to multiple chemical reactions in presence of oxygen. When oxygen depleted or in an inert ambient, all the reactions that involved oxygen from the air disappear, only pyrolysis reactions still take place, thus reducing the production of gaseous and volatils compounds. Atmospheric oxygen from the air is a very important factor, like temperature, in the thermal degradation and vaporization of vegetable oil droplets. It significantly contribute to increasing the vaporization rate of vegetable oils and could reduce the polymer formation that leads to the formation of deposits in the combustion chamber of diesel engines when vegetable oils are used as fuel. This study has highlighted the crucial importance of atmospheric oxygen in the combustion of vegetable oils in diesel engines. Experimental studies for more detailed identification of compounds resulting from thermal degradation of vegetable oils in inert or oxydizing ambient is scientific issus worthly to be investigate and will serve as a basis for the establishment of reaction mechanisms for vegetable oils combustion in disiel ingine combustion chamber.
